ABSTRACT Alamethicin F50/5 is a hydrophobic peptide that is devoid of charged residues and that induces voltage-dependent ion channels in lipid membranes. The peptide backbone is likely to be involved in the ion conduction pathway. Electron spin-echo spectroscopy of alamethicin F50/5 analogs in which a selected Aib residue (at position n ¼ 1, 8, or 16) is replaced by the TOAC amino-acid spin label was used to study torsional dynamics of the peptide backbone in association with phosphatidylcholine bilayer membranes. Rapid librational motions of limited angular amplitude were observed at each of the three TOAC sites by recording echo-detected spectra as a function of echo delay time, 2t. Simulation of the time-resolved spectra, combined with conventional EPR measurements of the librational amplitude, shows that torsional fluctuations of the peptide backbone take place on the subnanosecond to nanosecond timescale, with little temperature dependence. Associated fluctuations in polar fields from the peptide could facilitate ion permeation.
INTRODUCTION
Alamethicin is a 19-amino acid residue, hydrophobic peptide from the microorganism Trichoderma viride; it is extended at the C-terminus by the 1,2-amino alcohol phenylalaninol and is blocked at the N-terminus by an acetyl group. This peptaibol contains a preponderance of the C a -tetrasubstituted a-amino acid Aib and is helical in conformation with a bend near the internal proline residue, Pro 14 (1) . In lipid membranes, alamethicin induces transient voltage-dependent ion channels that undergo step-like transitions between different conductance states. The characteristics of these peptide-induced ion channels are dependent on the properties of the lipid membrane environment (2) (3) (4) (5) .
Various spectroscopic studies indicate that, in the absence of a transmembrane potential, the alamethicin peptide is predominantly monomeric in lipid bilayer membranes, if these are in the physiologically relevant fluid state (6) (7) (8) (9) . This finding is in agreement with mechanistic studies, which reveal that initiation of channel conductance is a highly cooperative process and suggest that transitions between different conductance levels take place by incorporation of alamethicin monomers into preexisting pore aggregates (10) .
Investigations on the orientation and mode of incorporation of alamethicin in phospholipid bilayer membranes have been aided recently by the use of TOAC spin labels that are incorporated at selected positions in the peptide backbone (8, 9) . TOAC is a nitroxyl a-amino acid that can serve as an EPR-active reporter of peptide location and dynamics (11) (12) (13) (14) (15) (16) . Because TOAC is a helicogenic, C a -tetrasubstituted a-amino acid it provides a conservative substitution for Aib residues at different positions in the sequence of alamethicin. Electrophysiological experiments show that the TOAC-substituted analogs are functionally active, and crystal-structure determination reveals a helical conformation that is closely similar to that of native alamethicin (17) .
In previous work, we determined the orientational ordering and overall rotational dynamics of TOAC-labeled alamethicin by using CW-EPR methods (8, 9) . The latter studies refer to rotational diffusion around the peptide axis of alamethicin and to off-axis angular excursions of the peptide backbone about the membrane normal. These motional modes are relevant to oligomeric assembly and pore formation but do not refer specifically to torsional flexing of the peptide backbone, which could be a significant component of the ion transport process (18) (19) (20) .
In this work, we use time-resolved EPR to study torsional librations in the backbone of TOAC-labeled alamethicin by means of electron spin-echo spectroscopy (see, e.g., Bartucci et al. (21) ). This method was used already to characterize the librational motion of spin-labeled lipid chains in phospholipid bilayer membranes (22) (23) (24) and in the fatty acid binding site of serum albumin (25) . ED-spectra as a function of interpulse delay time yield values for the product of the mean-square torsional amplitude, AEa the correlation time, t c . Typically, the latter corresponds to the subnanosecond to nanosecond regime of rapid, smallamplitude, oscillatory motions that could effect time-dependent electric field fluctuations and dielectric relaxation.
MATERIALS AND METHODS

Materials
DMPC was from Sigma-Aldrich (St. Louis, MO). Spin-labeled analogs of alamethicin F50/5 [TOAC n , Glu(OMe) 7, 18, 19 ] with n ¼ 1, 8, or 16 (where Glu(OMe) is g-methyl glutamic acid, replacing a Gln residue in the natural sequence) were synthesized according to Peggion et al. (26, 27) . The complete amino acid sequences of the three TOAC n -Alm derivatives are:
,Glu(OMe) 7, 18, 19 ] Circular dichroism in MeOH shows that all three analogs are folded in similar, highly helical conformations (28) . CW-EPR additionally shows that the analogs are monomeric in MeOH (15) .
Sample preparation
DMPC and 1 mol % of the desired TOAC spin-labeled alamethicin (in MeOH) were codissolved in CHCl 3 , and the solution was then evaporated with dry nitrogen. After keeping it under vacuum overnight, the dry mixture was dispersed in water at a concentration of ;100 mg/ml by vortex mixing while heating to above the chain-melting transition of DMPC. The hydrated lipid bilayers were transferred to a standard 4-mm-diameter quartz EPR tube, concentrated by pelleting in a benchtop centrifuge, and the excess water was removed.
EPR spectroscopy
Pulsed EPR data were collected on an ELEXSYS E580 9-GHz FT-EPR spectrometer (Bruker, Karlsruhe, Germany) equipped with a MD5 dielectric resonator and a CF 935P cryostat (Oxford Instruments, Abingdon, UK). Two-pulse (p/2 -t -p -t -echo) ED-EPR spectra were obtained by recording the integrated spin-echo signal at fixed interpulse delay t while sweeping the magnetic field. The integration window was 160 ns. The microwave pulse widths were 32 ns and 64 ns, with the microwave power adjusted to provide p/2 and p-pulses, respectively. The original ED-spectra, ED T (2t,B), were corrected for instantaneous spin diffusion by normalizing with respect to those recorded at 77 K, where no molecular motion is expected. The corrected spectra, ED corr T ð2t; BÞ; recorded at temperature T are plotted as a function of magnetic field B according to (23) 
where ED(2t,B) is the ED-spectral line height at field position B. These relaxation rates are averaged over the time interval from t 1 to t 2 and are characterized by the maximum values, W L and W H , determined in the lowand high-field regions, respectively, of the ED-spectra. At least two interpulse delay times are required to determine the relaxation rate. For an exponential echo decay (22) , the relaxation rate is independent of the choice of t 1 and t 2 (23); in practice, the pair of delay times is chosen to give the best signal/noise ratio in the values of W (see Fig. 2 b) . Calibration of the W L and W H relaxation rates in terms of the amplitude-correlation time product, AEa 2 aet c , of rotational motion from low-amplitude librations is taken from the results of spectral simulations (see below). Here, a is the angular amplitude, t c is the correlation time, and angular brackets indicate an average over the librational motion.
ED-spectra were simulated by using the so-called ''isotropic'' librational model described in Erilov et al. (23, 24) . In this model, simultaneous independent (i.e., uncorrelated) librational motions take place around three mutually perpendicular axes: x, y, and z. In the fast motional limit, i.e., AEDv 2 aet 2 c ( 1; the decay of the echo amplitude is given by (23) EDð2t; BÞ % exp À2AEDv
where AEDv 2 (B)ae is the mean-square fluctuation in angular resonance frequency, which is proportional to AEa 2 ae, the mean-square amplitude of libration. For instance, the shift in angular resonance frequency caused by a libration of small amplitude, a, about the nitroxide x axis is (29) where m I is the 14 N-nuclear magnetic quantum number, and u, f are polar coordinates of the magnetic field direction in the molecular frame. The isotropic model, in contrast to uniaxial libration, reduces the dependence on the magnetic field orientation (u,f) and ensures that the echo decay is approximately exponential, as indicated by Eq. 3. In this model, the relaxation rate defined by Eq. 2 is given by WðBÞ ¼ AEDv 2 ðBÞaet c and is independent of the values of t 1 and t 2 . Instantaneous diffusion that arises from spin-spin interactions between nitroxides (30) is also included in the simulations (23) .
Spin-Hamiltonian parameters were determined-simultaneously with the librational amplitude-correlation time product, AEa 2 aet c , and the instantaneous diffusion-by simulation of the ED-spectra recorded at 200 K. These three sets of parameters have distinctly different effects on the ED-line shapes as a function of the echo delay time, t. For TOAC 16 -Alm, the effective spinHamiltonian parameters determined in this way were
. These values change somewhat for the other spin-label positions because of the different environmental polarities (8) and possibly also because of slight differences in conformation of the TOAC ring (cf. Marsh (31)). The values of A zz (and g zz ) agree with those determined from rigid-limit CW-EPR spectra. For com-
parison with the effective spin-Hamiltonian parameters for TOAC, the tensors of TEMPOL determined in a single-crystal host are (32) . The low effective value of A yy is a particular feature of the isotropic librational model when used to describe the ED-spectra as a function of t. This has been found previously when using the same isotropic librational model to simulate the ED-spectra of spin-labeled lipid chains (23, 24) . Evidently, this modification of the tensor values is necessary to enable the simple isotropic model to describe the effects of librational dynamics adequately. ED-spectra recorded at other temperatures, both above and below 200 K, were then simulated with fixed effective tensor values, principally by changing the librational amplitude-correlation time product, AEa 2 aet c , but also by adjusting the parameter for the instantaneous diffusion.
Conventional CW-EPR spectra were recorded on an ESP-300 9-GHz spectrometer (Bruker) using 100-kHz field modulation; the spectrometer was equipped with an ER 4111VT temperature controller. Fig. 1 are original experimental spectra after correction for instantaneous diffusion according to Eq. 1 with t 0 ¼ 168 ns, by using spectra additionally recorded at 77 K. The dependence of the ED-line shapes on the echo delay time, t, is characteristic of small-amplitude torsional librations, as is seen from the preferential decay in the intermediate spectral regions at low and high field with increasing delay time, t (see, e.g., Dzuba et al. (29) and Dzuba (33) ). The dynamic parameter that determines the influence of the librational motion on the shape of the ED-spectra at nonzero t is the product of the mean-square torsional amplitude, AEa 2 ae, and the librational correlation time, t c .
RESULTS
ED-EPR spectra and simulations
ED-spectra simulated by using the isotropic librational model (i.e., independent librations about three perpendicular axes) are given by the dashed lines in Fig. 1 (see Materials and Methods for details). These simulations include the effects of instantaneous diffusion on the ED-line shapes in the time interval before the first echo delay time, t 0 ¼ 168 ns. (The experimental spectra are already corrected for instantaneous diffusion occurring after this time by using Eq. 1.) As seen in Fig. 1 , the dependence of the corrected experimental spectra on echo delay time is described adequately by these simulations for all three positions of TOAC. The degree of agreement between simulated and experimental spectra is comparable to that achieved previously for the ED-spectra of spin-labeled lipid chains when using the same isotropic librational model (23) . Amplitude-correlation time products, AEa 2 aet c , for the librational motions that are deduced from the spectral simulations in Fig. 1, a-c , exhibit quantitative differences (which are implicit in the slightly different ED-line shapes for the three TOAC positions) but are of a similar order of magnitude. The level of instantaneous diffusion differs somewhat between the different TOAC positions but also depends to some extent on the sample preparation conditions. ED-spectra recorded at higher temperatures can then be consistently simulated solely by increasing the amplitudecorrelation time product for the librational motion (and decreasing the extent of instantaneous diffusion). ED-relaxation spectra and hyperfine splittings Fig. 2 shows an alternative means of analyzing the EDspectra by using the W-relaxation parameter (24) . This method has the advantage that it reflects systematic changes in experimental parameters, e.g., temperature variation, directly. ED-spectra of TOAC 16 -Alm-recorded at 200 K and corrected for instantaneous diffusion according to Eq. 1 by using spectra additionally recorded at 77 K-are given for reference in Fig. 2 a. Corresponding spectral plots of the W-relaxation parameter for TOAC 16 -Alm-evaluated from two pairs of corrected ED-spectra with different combinations of the echo delay times, t 1 and t 2 , according to Eq. 2-are given in Fig. 2 b. W-relaxation curves that are evaluated for different pairs of t 1 and t 2 coincide to within the noise level, showing that the relaxation is close to exponential (cf. Eq. 3). The latter feature is consistent with the isotropic model for librational dynamics but not with those for uniaxial libration (23) . The spectral simulations that were given above allow calibration of the W-relaxation parameter in terms of the amplitude-correlation time product for isotropic libration (see below). Fig. 3 a shows the showing consistency between the low-and high-field regions of the ED-spectra. The two profiles can be brought into numerical accord by multiplying the absolute values of W L by a factor of ;2.5-2.93 for TOAC 8 and TOAC 16 and of 3.1-3.33 for TOAC 1 . Simulations for librational motion of a doxyl spin label (14-doxyl phosphatidylcholine) predict a similar conversion factor of 2.83 between W L and W H (24) . It is seen from Fig. 3 a that the intensity of librational motion (i.e., the value of the amplitude-correlation time product, AEa 2 aet c ) increases relatively slowly from 77 K to 180 K and then more steeply beyond this temperature. The values of W L and W H are rather similar for the TOAC 8 and TOAC 16 positions, whereas those for the TOAC 1 position at the higher temperatures are definitely larger. Fig. 3 b shows the dependence of the outer hyperfine splitting, 2AEA zz ae, in the conventional CW-EPR spectra on FIGURE 2 (a) Corrected ED-EPR spectra of TOAC 16 -Alm in DMPC bilayers at T ¼ 200 K. ED-spectra are recorded for interpulse spacings of (top to bottom) t ¼ 168, 296, 424, and 552 ns. Spectra are corrected for instantaneous spin diffusion according to Eq. 1 and are normalized to the maximum line height. 16 -Alm, the values of AEA zz ae remain constant only up until ;160 K; at this residue position, librational motion sets in at a lower temperature than for TOAC 1 -and TOAC 8 -Alm but increases in amplitude rather slowly with increasing temperature. Fig. 4 a shows the temperature dependence of the librational amplitude-correlation time product, AEa 2 aet c , for the TOAC nAlm derivatives in DMPC bilayers. These values are obtained from the measurements of W L that are given in Fig. 3 a, together with the simulations for isotropic libration at 200 K that are given in Fig. 1 Fig. 4 a, 16 -Alm at 240 K and at 260 K, respectively. It should be noted that the simulations at higher temperatures are less well determined than those at 200 K because of the lower echo intensities and the more limited number of echo delay times, t, for which an echo may be observed (cf. the error bars on W H in Fig. 3 a) . Fig. 4 b shows the temperature dependence of the meansquare amplitude, AEa 2 ae, of the librational motion for the TOAC n -Alm derivatives in DMPC bilayers. These values are derived from the motionally averaged hyperfine splittings according to Eq. 5 (34):
Characterization of librational motion
where the angular brackets indicate the motionally averaged hyperfine tensor (of principal elements A xx , A yy , and A zz ). For TOAC 1 -and TOAC 8 -Alm, the librational amplitude is almost vanishingly small up to 220 K and then increases relatively rapidly with increasing temperature. For TOAC 16 -Alm, the librational amplitude is already measureable at 170 K but increases only slowly with increasing temperature. This is consistent with the extremely low relaxation rate and AEa 2 aet c product in the temperature range below 160 K (cf. Figs. 3 a  and 4 a) . The largest value of AEa 2 ae recorded in Fig. 4 b corresponds to a root mean-square amplitude of 16°(for TOAC 8 -Alm at 270 K), which confirms that the smallamplitude approximation is appropriate at low temperatures. Fig. 4 c shows the temperature dependence of the rotational correlation time, t c , for the librational motion of the TOAC n -Alm derivatives in DMPC bilayers. Determinations of the amplitude-correlation time product, AEa 2 aet c , from Fig.  4 a are combined with the amplitude (i.e., AEa 2 ae) measurements that are given in Fig. 4 b to obtain these values for t c . Fig. 4 c thus represents the quotient of values from Fig. 4 a with those at the corresponding temperatures from Fig. 4 b for each of the three TOAC positions. For TOAC 16 -Alm, the correlation time remains approximately constant at a value of ;0.8 ns up to 260 K. Evidently, torsional libration within the main body of the peptide backbone is not a strongly activated process. For TOAC 8 -Alm, the correlation time for librational motion is similarly ;0.7 ns at 240 K but cannot be measured below this temperature because the torsional amplitude is too small. The effective correlation time of TOAC 1 -Alm at 240 K is appreciably longer than those of TOAC 16 -Alm and TOAC Alm at the same temperature but decreases rapidly to a value comparable to that of TOAC 16 at 260 K. The librational correlation times found here for the spin-labeled peptide backbone in phospholipid membranes are longer than those for a spin-labeled lipid chain segment, which were determined to be in the region of 0.3 ns over the temperature range of 140-240 K (24) .
DISCUSSION
In this work, we studied librational motions in the backbone of alamethicin when the peptide was bound to bilayer membranes of DMPC. Previous studies have shown that, in fluidphase DMPC bilayers, the TOAC-labeled alamethicins adopt a transmembrane orientation and exhibit favorable hydrophobic matching with the lipid chains (8, 9) . For technical reasons, however, ED-EPR spectra can be recorded only at low temperatures, which correspond to the DMPC gel phase. Huang and co-workers (35) have found that alamethicin can adopt two different states when bound to lipid bilayer membranes: one in which the helix axis is oriented parallel to the membrane surface, and the other in which the helix orientation is transmembrane. The preferred state is determined by a critical peptide/lipid ratio that depends both on the particular lipid and on the temperature and degree of hydration (36) (37) (38) . Whichever of the two orientations is adopted by alamethicin associated with gel-phase DMPC in these low-temperature measurements, it is likely that the helix backbone remains highly ordered, without large-amplitude angular fluctuations, and thus that the librational motions of the peptide backbone are comparable to those of alamethicin when it is fixed in a stable pore assembly.
The overall intensity of the librational fluctuations, as registered by the amplitude-correlation time product AEa 2 aet c , is similar for the 8 and 16 positions of the TOAC residue in the alamethicin backbone but is larger for the N-terminal residue TOAC 1 (Fig. 4 a) . Comparable values within the body of the peptide are to be expected for the torsional modes of the backbone. There are differences in angular amplitude (Fig. 4 b) , which presumably reflect the structural differences at the various positions: TOAC 1 is situated at the N-terminus, adjacent to a proline residue, Pro 2 ; TOAC 8 is located toward the middle of the longer a-helical segment; and TOAC 16 is situated beyond the bend in the region of Pro 14 in the shorter C-terminal 3 10 -helical segment. In consequence, the spinlabeled principal z axis is oriented differently relative to the molecular axis at the different positions of substitution: the inclination of the nitroxide principal axis to the longer helical segment of alamethicin is larger for TOAC 16 than it is for TOAC 1 and TOAC 8 (8) . Nevertheless, the librational correlation times all lie in the subnanosecond to nanosecond regime (Fig. 4 c) The amplitude-correlation time products, AEa 2 aet c , that are determined in this work for the backbone torsions of alamethicin are of a similar size to those of previous studies on the torsional librations of phospholipid chains in bilayer membranes (22) (23) (24) . The lipid chain librations are, however, significantly faster and the amplitudes are correspondingly larger than those of alamethicin (24) . This correlation suggests that the torsional motions of the peptide backbone may be coupled to the librational fluctuations of the host lipid. In part, this coupling could be responsible for the lipid dependence of the properties of alamethicin channels (3, 4, 39) .
The timescale of the librational fluctuations of the peptide backbone that are observed here is in a range that could influence the ion transport process. The internal pore radius for a regular polygonal arrangement of n transmembrane helices each with diameter D % 1 nm is (see, e.g., Marsh (40))
The conductance of such a pore of cross-sectional area A ¼ pR 
where AEuae is the mean ionic mobility in the pore and F is the Faraday constant. The mean transit time for an ion in the pore is related to the mobility by
where DV is the transmembrane potential. The first major channel state of alamethicin is characterized by a conductance of g ¼ 280 pS in 1 M KCl (42) . This may be identified with the oligomerization state n ¼ 6 of alamethicin monomers (43) . Thus, from Eqs. 6-8, the mean transit time for ions under a transmembrane potential of DV ¼ 120 mV is AEtae % 14 ns, which is considerably longer than the correlation time for librational fluctuations of the alamethicin backbone. Time-dependent fluctuations in polarizing electric fields that are associated with partial charges in the peptide backbone are, therefore, kinetically competent to participate in the movement of ions through the channel. It has been suggested that librational fluctuations in the peptide backbone of gramicidin may be involved directly in cation transport (18) . In the latter case, the channel diameter is considerably smaller than that for alamethicin and the dehydrated ions are solvated directly by pore-lining groups of the peptide backbone. In the case of alamethicin, ions are transported through the aqueous pore and interactions with the peptide backbone take place via polarization of the pore-lining water molecules (43, 44) . Orientational fluctuations in the water dipoles that are driven by rapid torsional oscillations of the peptide backbone could hence be coupled to ion transport through the alamethicin channel. As in many other kinetic processes of biological relevance, rapid fluctuations coupled to the environment-in this case the lipid membrane-provide the driving force for slower, larger-scale transitions of a more cooperative nature (45) (46) (47) . Rapid fluctuations in electric polarization arising from peptide backbone librations are therefore suggested to drive the transitions that are involved in ion conduction within the alamethicin channel.
As in many cases of ionic conduction by hydrophobic peptides (see, e.g., Marsh (48) ), the majority of alamethicin in the membrane is probably in an essentially monomeric state, although protochannel formation is indicated by the observation of instantaneous diffusion, which arises from spinspin interactions between monomers. As mentioned above, the relatively rigid ordering of the peptide associated with gel-phase lipid is likely to be similar to, and is taken here as a model for, the peptide assembled in channel aggregates-at least for the backbone librational motions. It should also be noted that ion conduction has been observed with alamethicin when the lipid chains of the membrane are in an ordered gel state (3) . Finally, the methodology developed here to study backbone fluctuations in alamethicin can be applied directly also to systems in which the peptides are preassembled, e.g., in covalently linked transmembrane helices. 
